The intensity-dependent transmission of picosecond ruby laser pulses of different duration through methanolic and ethanolic solutions of rhodamine B and rhodamine 6G is analysed. The transmission is affected by S 0 -S" two-photon absorption, by stimulated emission at the pumplaser frequency, by amplified spontaneous emission and by excited-state absorption. Various parameters involving the two-photon absorption dynamics are determined by comparing experiments with numerical simulations.
Introduction
The two-photon absorption of dye solutions at elevated laser intensities has been studied previously by fluorescence observation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Two-photon absorption cross-sections G {2) were determined for various dyes [1] [2] [3] [4] [5] [6] [7] . The fluorescence induced by two-photon absorption has found wide application in picosecond-pulse duration measurements [8] . Dye-laser pumping by two-photon absorption was achieved [9, 10] . Deviations of the two-photon excited-fluorescence signal from the expected quadratic dependence on pump-laser intensity has been observed indicating the simultaneous action of additional spectroscopic effects (excited-state absorption, stimulated emission, etc.) [2, 3, [11] [12] [13] [14] [15] .
In this paper the two-photon absorption dynamics of dyes is investigated by transmission measurements. The dyes rhodamine 6G and rhodamine B in methanolic and ethanolic solution are studied. The pump laser is a mode-locked ruby laser. The relaxation of the excited molecules involves radiationless decay, fluorescence emission, excited-state absorption, stimulated emission at pump-laser frequency, amplified spontaneous emission and fluorescence reabsorption. The dynamics are simulated with a realistic level scheme.
Theory
A realistic level diagram for the S 0 -S" two-photon-absorption dynamics is shown in Fig. 1 . The two-photon absorption excites molecules from the S 0 ground state (region 1) to a higher excited singlet state, S wl (nl ^ 2, level 2). The molecules in higher excited singlet states relax rapidly to the first excited singlet state, Sj (level 3). Direct relaxation from higher excited singlet states to the ground state, S 0 , is neglected. Before relaxation to the S! state, excited-state absorption may elevate some molecules from S", to S" 4 (level 4). From the first excited singlet state, S, (level 3), the molecules return to the ground state by spontaneous emission (indicated by transition to level 7), by radiationless decay, by stimulated emission at the pump-laser frequency, v L (transition to level 8), and by amplified spontaneous emission (transition to level 9, frequency v ASE ). Within the S 0 state the population of levels 7, 8, 9 thermalize with vibrational relaxation time T v [16] [17] [18] . The fluorescence emission within the S 0 -S { absorption region is partially reabsorbed (transition 7 3). The pump laser at frequency v L and the generated amplified spontaneous emission signal at frequency v ASE suffer excited-state absorption from S, to S w2 and S n3 , respectively. The intersystem crossing from singlet states to triplet states is neglected because the transmission behaviour of picosecond pulses has been studied and on a picosecond time-scale the transfer to triplet states is negligibly small (for rhodamine 6G, rate & SiX = 4.2 x 10V 1 [19] , for rhodamine B, £ SiT = 1.7 x 10 6 s _1 [20] ). The extremely small fraction of molecules in thermally populated vibrational states or inhomogeneously shifted states within the S 0 band is able to populate directly the S x state (transition 8 3) [21, 22] with absorption cross-section cr em . Laser light scattering (cross-section <x SCA ) and impurity absorption ((T,M) may contribute to the single-photon absorption at the laser frequency. The impurity absorption may be bleached at high intensities. The S 0 -T singlet-triplet absorption is negligibly small for the rhodamine dyes investigated and is not included in the level scheme (TJ-SQ radiative lifetimes: i ph = 1.5 s for rhodamine 6G and t p h = 1.6 s for rhodamine B, solvent ethanol [23] ).
The rhodamine 6G and rhodamine B molecules in methanol and ethanol are treated as single species. For the dye concentration used of 0.04moldm~3, a fraction of about 8% of the molecules are statistically so close together that they interact mutually (closely spaced pairs) [24] . They have a double peaked S 0 -S, absorption spectrum [24] and act as quenching centres in the concentration quenching of the fluorescence lifetime [25] . The S 0 -S" (n ^ 2) absorption of these closely spaced pairs is found to be the same as the monomer absorption. The influence of the fraction of mutually interacting dye molecules is only taken into account by a reduction of the S { -state fluorescence lifetime.
The transitions in the level system of Fig. 1 are described by the following system of rate equations. The transformation t' = t -nz/c is used, with n the refractive index and c the vacuum light velocity. Only isotropic single-photon and two-photon absorption cross-sections are considered, i.e. absorption anisotropy of two-photon [3, 26] and of single photon processes [27, 28] is neglected. The system of equations reads dt' 
The initial conditions for the number density (dimension, cm 3 ) of the level populations are #,(/'= -oo, r, z) = JV 0 , # 2 (-<») = # 3 (-oo) = ^(-oo) = N 5 (-oo) = # 6 (-oo) = 0,
and N 9 (-co) = Q 9 N 0 . g 7 , ^8 and ^9 are the occupation probabilities of the levels 7, 8 and 9 within the S 0 band. The initial light intensities are I L {t', r, z = 0) = I 0L exp (-f /2 /tf -r 2 /r 0 2 ), 7 ASE (/', r, z = 0) = 0, and I REA (t\ r, z = 0) = 0. f 0 = Ar/[2(ln 2) 1/2 ] is half the 1/e pulse width (At FWHM) and r 0 is the 1/e beam radius of the pump pulse (frequency v L ). N v and N y are the ground-state and excited-state level populations, respectively, of the impurity molecules in the dye solution.
N X comprises the total population of the S 0 band. The first term in Equation 1 is responsible for two-photon absorption; cr (2) is the orientation-averaged two-photon-absorption cross-section. The second term describes the stimulated emission. The third term takes amplified spontaneous emission into account. The fourth term gives the S,-S 0 relaxation rate; r F = rj F T rdd is the fluorescence lifetime, where t] F is the fluorescence quantum efficiency and TRAD is the radiative lifetime. The last term approximates the reabsorption of fluorescence light; a REA is the reabsorption cross-section. Equation 2 contains two-photon absorption, S",-S" 4 excited-state absorption, and S",-S, relaxation. Equation 3 is responsible for the St -state dynamics. The first term gives the level population by S",-S, relaxation. The second and third terms describe excited-state absorption at v L and v ASE , respectively. The next two terms depopulate level 3 by stimulated emission at v L and v ASE . The sixth term determines the reabsorption of fluorescence light. The last four terms describe relaxations. Equations 4 to 6 handle level populations by excited-state absorption. Equation 7 considers fluorescence emission into the reabsorption region. The first term gives the filling of level 7. e AREA is the fraction of fluorescence falling into the spectral reabsorption region. The second term describes the reabsorption of fluorescence, and the third term takes care of thermalization in the S 0 band. In Equation 8 the first term gives level population by stimulated emission while the second term takes care of thermalization. In Equation 9 the first term describes the fluorescence emission in the amplified spontaneous emission spectral region. e TASE presents the fraction of fluorescence falling into the transparent spectral region (e TASE + e AREA « 1). The second term handles the amplified spontaneous emission, and the last term causes thermalization.
Equations 10 and 11 are included for the discussion of impurity effects. They describe the impurity bleaching in a three-level system with fast intermediate state (Fig. lb) [28] .
The change of pump-laser intensity is described by Equation 12 . Two-photon absorption (first term), excited-state absorption (second and third terms), stimulated emission (fourth term), light scattering (fifth term) and impurity absorption (last term) are included. The generation of amplified spontaneous emission is described by Equation 13 : the first term gives the seeding spontaneous emission in the transparent fluorescence region (nrl/l 2 is the solid angle of efficient amplified spontaneous emission; /, sample length), the second term describes the stimulated amplification of the fluorescence, the third term takes care of excited-state absorption, and the last term considers scattering. Equation 14 describes the reabsorption of fluorescence along the light path: the first term gives the spontaneous emission, the second term is due to reabsorption and the last term takes care of scattering.
Because the S n -S x relaxation times are short compared to the pulse durations, the steady-state solutions of Equations 2, 4, 5 and 6 are used leading to The system of Equations 1, 3, 7 to 18 is solved numerically to analyse the S 0 -S" two-photon-absorption dynamics. In the experiments the energy transmission
is measured as a function of input-pulse peak intensity / 0 L . Temporal and spatial gaussian inputpulse shapes are assumed. A comparison of the experimental energy transmission curves with calculations allows one to determine the two-photon-absorption cross-section, a {2 \ if the other dye parameters are known.
Dye parameters
The dyes rhodamine R dissolved in acidic methanol [29, 30] (0.003 mol dm -3 HC1 added) and ethanol and rhodamine 6G dissolved in neutral methanol and ethanol are investigated (dyes from Kodak). A picosecond ruby laser is used for the two-photon absorption measurements. The dye parameters entering Equations 1 to 18 are summarized in Table I . The data are independent of the solvent methanol or ethanol within our experimental accuracy and, therefore, only a single set of data is listed. If dye parameters are varied in some calculations, the changes are explicitly stated. The origins of the data are specified in Table I . Most of the data of Table I are obtained from the absorption and emission spectra of Figs 2 to 4. The two-photon absorption cross-sections and some excited-state-absorption cross-sections are determined by the present analysis.
The absorption and emission spectra of rhodamine B and rhodamine 6G dissolved in methanol are presented in Figs 2 and 3 , respectively. The corresponding absorption and emission spectra for the solvent ethanol are within the experimental accuracy identical to the methanolic solutions. Only 
The residual absorption in the long-wavelength wings of Figs 2 and 3 above the dotted curves is thought to be mainly due to impurity absorption. The rhodamine-6G-methanol solution was purified by recrystallization from methanol, resulting in a remarkable drop of the long-wavelengthabsorption edge (dash-dotted curve in Fig. 3) .
Transmission loss by light scattering was analysed by measuring the scattered laser light perpendicular to the direction of laser propagation and comparing the signal with the scattered light in a diluted milk solution. The expected transmission due to scattering was found to be T SCA ~ 0.99 for all solutions investigated (0.04 M rhodamine 6G and rhodamine B in 2-cm-long cells).
The S 0 -T singlet-triplet absorption is estimated from the phosphorescence lifetime t ph to be negligibly small K, max « ^(vA,MAX)TPH/TRAD « 10~2 4 cm 2 [23] ). The apparent stimulated-emission-cross-section curves of Figs 2 and 3 are calculated from our measured fluorescence spectra (excitation source is a spectrally filtered tungsten lamp; backward fluorescence is detected with a spectrograph and Tracor DARRS diode array system) by use of the relation [16, 22, 31] J e m / F W <U } em I F (X) A 4 dl Jabs i 7 F (A) is the detected fluorescence signal (photons per wavelength unit) at wavelength X. The fluorescence integration ranges over the SJ-SQ fluorescence band. The absorption integral spans over the S 0 -S, absorption band. rj F and rj A are the mean refractive indices of the dye solutions in the fluorescence and absorption region, respectively. The determined stimulated-emission-cross-section curves are in good agreement with reported spectra (rhodamine B in methanol [32] , rhodamine B in ethanol [33] , rhodamine 6G in methanol [33] , rhodamine 6G in ethanol [32] ). In the longwavelength region, v < v emmax , the apparent and real stimulated-emission cross-sections are thought to be equal and identical to the real absorption cross-sections [d em (v) = <x em (v) = CT a (V) for v < v em , max ] [21, 22] . Fig. 4 depicts the fluorescence spectra of rhodamine B and rhodamine 6G together with the transmission of light through a cell of length / = 2 cm. The dash-dotted curve in Fig. 4b belongs to the purified rhodamine-6G-methanol solution. The steep rise of transmission determines the wavelength of amplified spontaneous emission A A S E and the fluorescence contribution e TASE to the amplified spontaneous emission. The region of low transmission locates the fluorescence reabsorption (centre wavelength / REA ) and the fluorescence contribution e A R E A to reabsorption.
The excited-state absorption cr ex ASE for rhodamine 6G is extracted from gain measurements of [34, 35] where cr em ASE -<r ex>ASE is measured and from the fluorescence spectrum of Fig. 3 (cr em ASE ) . For rhodamine B an explicit value of a ex ASE is not available, but from the laser action of rhodamine B at v ASE in dye lasers it is known that d exASE <| <7 em , A sE-
Experiments
In the experiments the two-photon-absorption cross-sections, a (2 \ and the excited-state-absorption cross-sections, <7EXL, were determined. The other dye parameters influencing the pulse propagation through the dyes have been described in the previous section. The intensity-dependent energy transmission of single picosecond ruby laser pulses through 0.04 M methanolic and ethanolic solutions of rhodamine B and rhodamine 6G was measured (sample length / = 2 cm). The transmission behaviour depends on cr (2) and <x ex L . The transmission measurement of a delayed probe pulse at frequency v L allows the determination of a ex L [36] .
The experimental arrangement is shown in Fig. 5 . A passively mode-locked ruby laser generates a train of picosecond pulses. A krytron-triggered Pockels-cell shutter selects single picosecond pulses from the generated pulse trains. A ruby laser amplifier increases the energy of the selected pulses. A two-photon fluorescence arrangement is used for pulse-duration measurements [8] . Rhodamine 6G in ethanol (2.5 x 10 _3 M) is used as a two-photon fluorescence dye. The beam profile is monitored with a diode array DA.
The energy transmission through the investigated dyes in sample S is detected with the photocells PD1 and PD3. The peak intensity of the light pulses is determined by two-photon-transmission measurements through a CdS crystal [37] with detectors PD1 and PD2.
For the determination of the S { -S 2 excited-state-absorption cross-section, <7EXL, a glass plate is inserted behind the sample S in order to reflect a small portion of the laser light back through the sample. The transmission of the backward probe pulse is measured with detectors PD3 and PD4 [36] . The amplification or attenuation of the backward probe pulse depends on the S Y -state population (determined by o {2) ) and the effective cross-section <r em -<r exL (<r em > <7EXL, amplification; (j em < <r exL , attenuation).
Additionally, the forward fluorescence and amplified spontaneous emission is monitored with photomultiplier PM. Insertion of a broad-band interference filter IF allows the registration of the spectrally integrated fluorescence light. With a monochromator instead of the interference filter, the spectrally resolved fluorescence emission is detected. The fluorescence signal at high intensities depends on the effective emission cross-section, a ASE -<r ex , ASE , and the Sj -state level population, which is determined by <r (2) and a cm -cr ex L (see below). 
Results
The experimental results are shown by data points in Figs 6 to 9. The forward energy transmissions of the intense ruby laser pulses are shown in Figs 6 and 7 for rhodamine B and rhodamine 6G, respectively. The curves in Figs 6a and 7a are for At L = 30 ps and those in Figs 6b and 7b for At L = 15ps. The 15ps ruby laser pulses were obtained by passing the pulses through a saturable absorber after the amplifier (absorber DDI in methanol, transmission T 0 = 10 -4 ) [38] . The energy transmission is independent of the pulse duration within the experimental accuracy. The closed circles in Fig. 7a depict the two-photon transmission of the purified rhodamine-6G-methanol solution. At high intensities the energy transmissions of the purified solution approach the energy transmission of the untreated solution, indicating the bleaching of the impurity absorption at high intensities. The solid curves in Figs 6 and 7 are calculated with the aid of Equations 1 to 19 using the parameters listed in the figure captions and in Table I (for discussion of curves, see below). The best fits of the calculations to the data points give the two-photon-absorption cross-sections of <T (2) = (1.2 ± 0.2) x 10" 48 cm 4 s for rhodamine B and (1.8 + 0.2) x 10-48 cm 4 s for rhodamine 6G. Our results agree reasonably well with previously reported values of (1.48 ± 0.7) x 10 -48 cm 4 s for rhodamine B and (3.55 ± 1.7) x 10~4 8 cm 4 s for rhodamine 6G [3] . The backward energy transmission of a reflected weak probe pulse (frequency v L , distance between end of sample and reflection glass plate 1.2 cm, reflection factor 0.04) as a function of input pump-pulse intensity (duration At L = 30 ps) is shown in Fig. 8a for rhodamine B in methanol and in Fig. 8b for rhodamine 6G in methanol. At low input intensity the backward transmission is equal to the small signal forward transmission (ground-state absorption, no Si -state population). With [36] . N 3 and N% are determined by solution of the system of Equations 1 to 18 with the data of Table I. In Fig. 8a (rhodamine B) , curve 1 represents the best-fit (a exX = 1 x 10~1 7 cm 2 , a e m = 1.9 x 10~1 7 cm 2 ), curve 2 belongs to <7EXX = <r em = 1.9 x 10" 17 cm 2 . In Fig. 8b (rhodamine 6G), the best-fit T B curve 2 (er exL = 5 x 10 _18 cm 2 , cr em = 9 x 10~1 8 cm 2 ) and the curves for <r exL = 0, (j em = 9 x 10~1 8 cm 2 (curve 1) and <r exL = <7EM = 9 x 10" 18 cm 2 (curve 3) are shown. The dashdotted curve belongs to purified rhodamine 6G in methanol (same parameters as curve 2).
The intensity dependence of the forward spontaneous emission and amplified spontaneous emission is shown in Fig. 9a and b for rhodarnine B and rhodamine 6G, respectively (A^L = 30 ps). The experimental data give no indication of an increase of fluorescence by amplified spontaneous emission. The fluorescence signals are only measured in arbitrary units and they are adjusted to the theoretical curves of Fig. 9 in the intensity region I 0L < 10 9 Wcm -2 . The influence of cr em and cr ex L on amplification of spontaneous emission is illustrated in Fig. 9a . An increase of cr em or an increase of a exL reduces the effect of amplified spontaneous emission, because cr em as well as cr exL reduces the S! -state population. The suppression of amplified spontaneous emission is more pronounced for shorter relaxation times T v in the S 0 -band (dashed curve compared with curve 3) because fast depopulation of level 8 reduces the S Y -state population (reduction of bottleneck effect, see below). In Table I , T v = 4ps is listed [17] . Relaxation from the high-lying level 8 may be considerably faster than 4 ps, which represents the recovery time of the ground-state absorption [17] . The influence of <r ASE -tr ex ASE on amplified spontaneous emission is studied in Fig. 9b . Large shown). Additional amplified spontaneous emission <r ASE -cr ex ASE > 0 reduces the effect of stimulated emission at high intensities due to depopulation of the S, state (curve 2, <r em = 10" 17 cm 2 , a eX)L = 0, cr ASE = 6 x 10" 17 cm 2 , <7EXASE = 0). Dominant excited-state absorption <7EXL > crem lowers the energy transmission (curve 5 compared to dashed curve, <r em = 0, a txX = 3.5 x 10" 18 cm 2 , <r ASE = <j ex ASE = 0). The reduction of transmission increases with pulse duration (no curve shown). Additional amplified spontaneous emission reduces the effect of excited-state absorption at high intensities because amplified spontaneous emission depopulates the S,-state (curve 4, <r em = 0, a exL = 3.5 x 10" 18 cm 2 , <r ASE = 6 x 10" 17 cm 2 , <7ex,ASE = 0)-Curve 3 represents the best fit to experimental data. The transmission is slightly higher than calculated by neglecting the singlephoton effects in the Sj state.
The intensity-dependent level populations at the middle of the pump pulse (time position / = Ops; pulse duration Af = 30ps) are illustrated in Figs 10 to 15.
In Fig. 10 the situation cr em = <r exL = 0 is considered. At the cell entrance (solid curves) the ground-state population is somewhat depleted at high pump intensities. The population accumulates in the S, state. Amplified spontaneous emission has no influence. Towards the end of the cell (dashed curves) the pump pulse is attenuated and no ground-state depletion is observed. In the case of dominant amplified spontaneous emission (<7ASE > o-exASE , long-dashed curves) the S t -state population is limited by amplified spontaneous emission. This effect is reduced by populating the terminal level 9 of the amplified spontaneous-emission transition (bottle-neck due to finite thermalization time T v ). The short-dashed curves belong to <r ASE ^ cr ex ASE . If there is no difference between °"ASE ^ VASE and (7ASE > <7EX ASE , then only the long-dashed curves are shown. The case of a em = 0 and <7EXL > 0 is illustrated in Fig. 11 . The S,-state level population N 3 is reduced compared to the previous case because the excited-state absorption absorbs pump-laser photons without elevating molecules from the ground state. The ground-state depletion at high pump intensities is reduced. The effect of amplified spontaneous emission towards the end of the dye cell is reduced because of the weaker -state population (long-dashed curves). The situation of cr em = cr ex L = 10~1 7 cm 2 is studied in Fig. 12 . The stimulated emission populates the terminal level 8 in the S 0 state. At high intensities 7V 8 approaches 7V 3 (bottleneck effect due to finite T v value; i v = 4ps used). The S,-state level population is reduced because the Sj level populates the terminal level 8 in the S 0 band. The ground-state depletion (N { comprises 7V 7 , 7V 8 , A^9) is reduced. Towards the end of the cell the pump pulse is attenuated and the Sj-state population is too low for an observable amplified spontaneous emission effect (curves with <r ASE > <x ex ASE and <r ASE ^ a ex ASE are identical).
The level populations in the case of <7EM > 0 and o~e xL = 0 are shown in Fig. 13 . The terminal level 8 is populated as in the case of (j em = a exL / 0. The Sj-state population reaches slightly higher values because no excited-state-absorption loss is present. The ground-state depletion is small. The pump pulse is less strongly attenuated in its pass through the sample (see curve 1 in Fig. 6a ). At high pump intensities amplified spontaneous emission builds up in the case of CTASE -<r ex ASE > 0 (long-dashed curves) and limits the S,-state population towards the end of the sample (bottleneck effect for terminal level 9). The short-dashed curves belong to a ASE -cj ex ASE ^ 0.
The influence of the thermalization time T v on the level populations is illustrated in Fig. 14 14a and the influence of stimulated emission is depicted in Fig. 14b . The bottleneck effect is shifted to higher pump intensities for shorter T v values.
The level populations for the experimental situation of rhodamine 6G in methanol are plotted in Fig. 15 (best-fit parameters used; time t = 0, pulse duration At = 30 ps). The ground-state depopulation is negligibly small over the experimental intensity region. Amplified spontaneous emission does not occur.
The influence of the two-photon absorption dynamics on the temporal pulse shape is analysed in Fig. 16 . The pulse shapes I L (t\ r = 0, /)//L(f, r = 0, z = 0) are shown. In Fig. 16a pulse deformation in the rhodamine-6G sample is shown for various input pulse intensities (best-fit parameters used in calculations). With increasing input pulse intensity the transmitted pulses are broadened. In Fig. 16b the influence of various dye parameters on the output pulse shape is analysed (/ 0L = 4 x 10 -10 Wcm -2 ). Seven different situations are considered:
(i) In the case of <r em = <r ex L = 0 (no stimulated emission) and <r ASE -cr ex A S E ^ 0 (no amplified spontaneous emission) only two-photon absorption occurs (curve 3). Pulse broadening due to two-photon absorption is observed. The ground-state depopulation at very high intensities causes a slightly asymmetric pulse formation due to reduced losses towards the end of the pulse.
(ii) The situation of cr em = <j exL = 10" 17 cm 2 and <JASE -a exASE ^ 0 is shown by curve 4. The shape is similar to case (i) only the transmission is slightly lower because of excited-state absorption.
(iii) For cr em -a exL < 0 (dominant excited-state absorption) and cr ASE -cr ex A S E < 0 (no amplified spontaneous emission) the absorption in the trailing part of the pulse is enhanced. The pulse broadening due to two-photon absorption is reduced (curve 5). emission at v ASE (o-em -tr ex r < Oand °ASE -°"ex,ASE > 0) both effects enhance the absorption in the trailing part of the pulse and slight pulse shortening may be achieved (curve 6).
(v) If <7EM -o~e x L = 0 (no stimulated emission) and <TASE -cr ex ASE > 0 (amplified spontaneous emission) ground-state depopulation is hindered. The two-photon absorption broadens the pulse shape (as in curve 4).
(vi) Dominant stimulated emission (<r em -<r ex L > 0) reduces the two-photon absorption losses. At high pump intensities the stimulated emission saturates around the pulse maximum because of filling of level 8 (Fig. 15b) . In the trailing part the pulse is amplified as the population of level 8 decays (for T V -* 0 no amplification occurs, i.e. I out (t)/I in (t) ^ 1 for all /)• The situation is illustrated by curve 1 where no amplified spontaneous emission is present (<x ASE -tT ex ASE ^ 0).
(vii) In the case of simultaneous stimulated emission at v L (cr em -a cxL > 0) and amplified spontaneous emission at v ASE (cr ASE -cr ex ASE > 0) both processes deform the pulse shape (curve 2). The amplification in the trailing part of the pulse is reduced by the amplified spontaneous emission (reduction of S, -state population). 
Analytical estimates
1
A2V L a The energy transmission T E is given by Equation 19 . Using the best-fit parameters (T ( 2 ) of Table I to fit the experimental points would underestimate the true cr (2) values by 30%. The S 0 ground-state depopulation by two-photon absorption may be estimated by calculating the Sj-state population {N x ~ N 0 -N 3 ). Three different situations are considered: (i) the S x -state population declines by radiative and non-radiative decay (time constant t F ); (ii) the S l -state depopulation is dominated by stimulated emission at the pump laser frequency, v L ; (iii) the Sj-state population is mainly reduced by amplified spontaneous emission.
(i) In the case of dominant S x -state depopulation by spontaneous emission and nonradiative decay. 
These two-photon saturation intensities for rhodamine B and rhodamine 6G are included in Table  I (f The filling of level 3 by two-photon absorption is lowered by the stimulated emission, which brings molecules back to the ground state. This effect reduces the effect of amplified spontaneous emission (see Fig. 9a ). For I L oo, N 3 approaches N 0 because the two-photon absorption dominates at high intensities (cr (2) / L > cr em for high enough intensities). In case of <r em = 0, Equation 29 reduces to Equation 25 with t eff = T F .
(iii) If amplified spontaneous emission becomes important the spontaneous fluorescence signal 7 sp becomes exponentially amplified according to [27, 28] For a crude estimate 7 ASE is thought to approach the absorbed pump-pulse intensity when ^ASE/^P -exp (12). This amplification is achieved for
l^ASE -^ex,ASE/ * Equation 31 gives an upper limit for the S, -state population, and N l = N 0 -N 3 gives the minimal ground-state population. If the limited 7V 3 -value due to amplified spontaneous emission is small compared to 7V 3 of Equation 29 , then the effect of stimulated emission at the pump-laser frequency is weakened.
Conclusions
The two-photon absorption dynamics of picosecond ruby laser pulses in rhodamine B and rhodamine 6G have been studied and the two-photon-absorption and excited-state-absorption crosssections involved have been measured. The influence of excited-state absorption, stimulated emission, and amplified spontaneous emission on the pump-pulse transmission, temporal pump-pulse deformation and the dye level population has been investigated. The theoretical discussion has considered, in general, the dynamics of two-photon absorption, including various absorption, emission and relaxation processes.
